Introduction
The present paper is an account of a simple relative method of obtaining the thermal conductivity of a gas or a gaseous mixture to within 1 % for the complete range of gas conductivities. This is followed by an application of the method to deuterium gas.
The principle of the apparatus to be described is similar to th at upon which the so-called " conductivity m eters" (e.g. the katharometer of G. A. Shakespeare, 1916-17) is based, but only in so far as both depend for their action on a transfer of heat from a heated wire through a surrounding gas. In the author's apparatus this transfer takes place by conduction only but in the " conductivity meters " it takes place partly by conduction and partly by convection.
The term " conductivity m eter" , often applied to this and similar instru ments, is misleading, for they do not and cannot measure the thermal conductivity of a gas or gaseous mixture. Calibrated empirically in terms of gaseous mixtures of known composition they are used industrially in the investigation of composition of other mixtures.
Generally these industrial meters employ two similar fine metal filaments of considerable resistance (often 10-2013) connected in series and placed in the adjacent arms of a Wheatstone bridge. They are mounted in some form of cell designed for working a t a constant temperature and either wire can be surrounded by any selected gas or mixture.
If, while the wires are being heated by a fixed steady current, the composi tion of the gas surrounding one of the wires alters, then, in general, the balance of the bridge will be disturbed. The change in composition of the gas is related to the change in resistance of the wire. Various methods of using the bridge which may be rebalanced or left unbalanced are described by H. A. Daynes (1933, chap. iv) .
The bridge method used with the industrial meters is excellent in principle for use with a relative method of determining the thermal conductivity, as it enables the same property of any two gases to be directly and simultaneously compared.
As already mentioned none of the existing types of industrial meter is suitable for obtaining the thermal conductivity. I t would seem to be im possible to derive any simple relations connecting the change in resistance of one of the filaments with the change in the thermal conductivity of the gas surrounding it. The theory for fine filaments is complicated by the existence of troublesome and uncertain " end" corrections and also by the probable presence of convection in the cell itself. However, by the use of a pair of short thick wires instead of thin filaments the simple theory given below becomes applicable. As low-resistance wires have to be substituted for high resistance filaments it is no longer feasible to use a Wheatstone bridge. In the present work this is replaced by a simple form of the Kelvin double bridge.
Theory
The essential part of the theory for thick wires has already been given in several earlier papers (Kannuluik and Martin J934) and will not be repeated here but merely the results given. It has been shown that for a wire of diameter 26, length 21 and thermal conductivity A, and which is mounted axially in a tube of internal diameter and filled with a gas of thermal conductivity k, the following relations hold:
where R i s the resistance of the wire heated by a steady current of I amp.; R0 is the true resistance of the wire at 0° C; a is the temperature coefficient of the resistance; and J is the electrical equivalent of heat. For values of 1 the error introduced in the right-hand side of the last relation by neglecting /?4Z 4/525 is small, e.g. for 1 it is readily seen to be 1 in 300.
If this term be neglected, the last relation simplifies to
I t is evident from (2) th at ki s a linear function of 1/(1? -R0) of the heating current I: Thus we may write
where C and C' are constants, the values of which depend on the heating current I and the geometrical and electrical constants of the wire. The existence of an appropriate linear relation of the form of (3) was first noticed by the author by plotting k against 1/(1? -R0) using the data in the paper by Kannuluik and Martin cited above. The platinum wire em ployed in th at work was 10-6 cm. long and 1-5mm. in diameter and the values of f t ranged from 3-4 for hydrogen down to 1-2 for air. Though the values of fit for which tanh fit is convergent are exceeded, k still remained approximately a linear function of 1/(7? -For example, if a straight line be drawn through the points (k, l/(R -R0)) for hydrogen and for air re spectively, the error made in using it to determine intermediate conductivi ties (corresponding to known values of 1 is approximately 1 %. Better approximations to (3) are obtained by using shorter and thicker wires. For a wire half as long (5-3 cm.) and of the same diameter the corresponding values of f t for hydrogen and air diminish to 1-7 and 0-6 respectively and any intermediate conductivity can be determined to within 0-5 % of its true value. For a relative method based on the use of (3) this accuracy is sufficient, but it should be noted th at for all gases excluding only hydrogen and helium kis a linear function of l/(R -R0) to a very much higher degree of accuracy and it is permissible to use longer wires. The method of applying (3) to relative determinations of k consists in obtaining the specific constants C and C' experimentally. If it is desired to use (3) over the full range of gas conductivities, it is best to measure (R -R0) for an assumed value of k for hydrogen for some convenient fixed value of the heating current. For the same current we can then measure another value of (R -R0) for k = 0 by the production of a high vacuum (< 10_5mm. H in the conductivity apparatus. The two equations so obtained suffice to determine C and C'. In this way we are really obtaining gas conductivities in terms of a single assumed value of k-th at of hydrogen. The advantages of the method are its simplicity and the ease with which the requisite apparatus can be calibrated.
E xperiment
In the practical applications of (3) it is preferable to use a bridge method rather than a potentiometer one to measure the resistance changes of the wire. The actual apparatus consisted of two similar nickel wires 5 cm. long and 1 • 5 mm. in diameter mounted in similar stainless steel tubes about 1 • 2 cm. in internal diameter. One of the two tubes was used as a reference tube, being left permanently filled with air, while the other was filled with the gas under investigation. As the resistance of the wires is a few thousandths of an ohm (0-0034,0), a Kelvin double bridge arrangement was used. The two tubes comprising the conductivity apparatus form the low resistance arms of the bridge which is shown schematically in figure 1. R and > S are the two tubes containing the nickel wires ( Sb eing the reference On the thermal conductivity of gasesbridge resistances a, /?; a, bw ere each 1 / ? . For should be equal and small as convenient. The shunt resistances r and p consisted each of a set of decade boxes 10 x 10, 10 x 1 and 10 xO-113. The resistances a, /?, a and 6 were mounted in a single container so th a t the temperatures of all four should remain the same. The coils comprising them were of manganin and were annealed at 140° C for 24 hr. as recommended by O. Wolff. After this treatm ent these resistances remained extremely con stant. As this bridge is designed only for measuring small changes in the To balance the bridge the shunt resistances r and p were alternately adjusted with the link d in (i.e. as a double bridge) and then with d out (i.e. as a Wheatstone bridge) until the bridge remained balanced with in or out. In practice it was found more convenient to carry out the above procedure by a simple double adjustment of r and p by which the necessity of removing and replacing d was avoided. The Shunt resistances r and p consisted of suitable sets of decade boxes.
Periodic checks on the stability of the Wheatstone bridge balance are obtained by removing d.
For the balanced bridge the following relations hold:
In using this bridge it is convenient to keep the reference tube S permanently filled with a standard gas (air) and then to balance the bridge with the other tube filled first with the standard gas and then with the gas under investiga tion, both balances being obtained for the same fixed value of the heating current. From the above bridge relations it is manifest th at the difference in resistance of R for the two gases is
where r and r' are the values of shunt resistance on a for the two gases. The bridge determines R quickly and accurately for any gas and so if R and Sare known by independent determinations one can calculate at once the resistance of R for the given gas.
The bridge as described was sensitive enough to detect with certainty a change in resistance of 1 part in 2 x 105 in either R or S. In terms of the conductivity the equivalent sensitivity is 1 in 1200 for 6 x 10-5 and 1 in 2000 for k = 40 x 10-5. From the theory of the Kelvin bridge the best resistance G for the galvanoa/? , ( meter can be shown to be equal to (Glazebrook 1922) .
For the bridge used here the best value of is 1Q. The resistance of the galvanometer actually used was 20 Q. Since the galvanometer deflexion is proportional to *JG and to the current I, the substitution of a galvanometer of resistance 1Q for the one actually used would increase the sensitivity by a factor of 4-5 for the same current I.
Description of the apparatus
The choice of the material and dimensions of the wires for the conductivity apparatus centres round the necessity for keeping fit (see (1)) small and employing wire as thick as possible. The use of a thick wire greatly mini mizes the magnitude of the temperature discontinuity in the gas at the surface of the wire. The most suitable metals for thick wires are platinum and nickel. In the present experiments " V actite" nickel wire which was care fully annealed was used and proved quite satisfactory. The wires fitted into the tubes R and S were 5 cm. long and 1-5 mm. in diameter.
The details of the conductivity apparatus will be gathered from figure 2. The tubes R and S (see also figure 1 ) are of thin-walled stainless steel each being approximately 5 cm. long and 1-2 cm. in internal diameter. R and S are closed at both ends by copper caps, but to insulate the wire from the tube the upper cap in each case is electrically insulated from the tube by means of the copper-glass joints g.
The two copper side tubes t and t' connect to the pumping and filling system. The low resistance link d (see figure 1) consists principally of two short lengths of copper rod C and C' and the removable copper block B. A low melting-point alloy of Wood's metal is used to solder B to the rods G and C'. The whole apparatus was placed in a dewar flask filled with a mixture of ice and distilled water, which mixture was stirred vertically by means of a motor driven plunger.
A simpler but quite practical form of apparatus can be constructed by substi tuting glass tubes for the stainless steel ones used in this work. These tubes may be closed by copper caps either joined directly to the glass or else waxed on with picein or other suitable wax.
E xperimental procedure
To calibrate the apparatus it is neces sary to determine B and S for the fixed value of the heating current / , and also R0 the true resistance of R at 0° C. The fixed value of the heating current used throughout these experiments was 9-490 amp. and was obtained by the ad justment to an exact reading of 32 on a Weston millivoltmeter connected to a 15 amp. low-resistance shunt. The mea surements of the resistances were ob tained by means of a Wolff " thermokraftfrei " low-resistance potentiometer of the three dial pattern.
The values of R and S for I = 9-490 amp. were R = 0-0035439612, S = 0-0036379512. Both tubes were filled with air at atmospheric pressure. I t was found th at the conductivity of air is extremely constant from atmospheric pressure downwards over a wide range of pressures in the present apparatus. Further, no difference could be detected in the conductivity of dried and undried samples of air. The mean temperature of the air for I = 9-490 amp. is 5-6° C. Assuming th at k = 5-76 x 10_5c.g.s. at 0°C (Kannuluik 1934) , we find that at 5-6° C k = 5-86 x 10-5, if the temperature coefficient of k is 0-003. (The temperature coefficients used in this paper are those given by Laby and Nelson 1929.) As already indicated the constants C and C' in the formula
are calculated by measuring (R -R0) for hydrogen ( = 41 (Kannuluik and Martin 1934) and for = 0 by the production of a high vacuum in R .A residual pressure of less than 10~5 mm. Hg was obtained by means of a charcoal tube immersed in liquid air. At this pressure the total transfer of heat from the wire by conduction and by radiation is negligibly small. The tube R was filled with pure hydrogen by diffusing cylinder hydrogen through a heated palladium tube into the evacuated apparatus. In effect the apparatus is calibrated for the entire range of gas conductivities in terms of the assumed value of k for hydrogen. For the heating current I = 9-490 amp. the mean temperature of the gas is 2-9° C and the value of k given above for 0° C must be increased to 41-7 x 10~5. The temperature coefficient of the resistance of the nickel wire for a short range 0-15° C is 0-0033. The mean temperature of the wire can be calculated. The mean temperature of the gas is one-half the mean temperature of the wire. The method described here gives correctly the ratio of the conductivity of any gas to that of hydrogen. The corresponding absolute value of the conduct ivity will depend on the assumed value of the conductivity of hydrogen.
When the tube R was first filled with air and then with pure hydrogen and the bridge balanced for each gas in turn, the values of the shunt resistances were r = 33-40 £?]
. (5). The values of (R -R0) are obtained immediately by addin braically to 0-00012500, which is the value of -R0) for air.
The corresponding values of 1/(R -R0) for 0 and 41-7 x 10-5 are respectively 6639 and 16278. Substituting these in (3), we get finally C = 4-3257 x 10-8, 28-72 x 10~5.
An immediate check is obtained by calculating k for air using the value of R -Rq = 0-00012500. The corresponding value of = 8000. Substituting this in (3) and making use of the calculated values of C and C', we find th at k = 5-886x 10-5 at 5-6° C. This is to be compared with the value k = 5-86 x 10-5 at 5-6° C, based on the absolute determination of = 5-76 x 10~5 at 0° C obtained by the author and Martin. The agreement is satisfactory and is as close as can be expected in a relative method of this kind.
Experiments were also carried out on pure carbon dioxide, the gas being prepared by Lord Rayleigh's method of inverting a C 02 cylinder. The corresponding values of r and r' when R was filled first with air and then with carbon dioxide gas were 33-10 and 36-30 respectively. The range of pres sures over which r' was exactly constant was 18 to 0-9 cm. Hg. The c ponding value of 1/(R -R0) is 7455. This gives a value of 3-51 x 10~5 at 6° C. The reduced value for 0° C is k = 3-45 x 10 5 which agreement with the value of 3-43 x 10~5 obtained by the author and Martin (Kannuluik and Martin 1934) .
E xperiments on deuterium
In a letter to Nature (1936) the author published a value of = 33 x 10~5 at 0° C for deuterium and this was obtained by the absolute method. This value is probably too high, being 7 % in excess of the recent determination of Archer (1938) . The gas used was impure, as the method used for preparing it was unsuitable. A new determination was therefore made-the gas being obtained in this instance from some 99-95 % heavy water.
The method of preparing the gas by the reduction of heavy water vapour over heated magnesium, though slow, is simple and good. This method was also used by Archer.
In figure 3 a pyrex tube ( | in. diameter) is closed at one end and has a single right-angled bend. A small quantity of heavy water is placed in the closed end of the tube in a tiny glass container. The magnesium ribbon packed into the horizontal part of the tube is surrounded by a furnace winding on an alundum tube which slips on over the glass tube. To dry the On the thermal conductivity of gases 4
Mg ribbon heavy water F ig u r e 3 gas a quantity of phosphorus pentoxide between plugs of glass wool is placed between the magnesium and the apparatus to which the tube is directly connected. A preliminary outgassing of the magnesium is necessary with the closed end of the tube immersed in liquid air. To effect this the apparatus was evacuated whilst the magnesium was heated to 600° C, the temperature being measured roughly by a thermo junction between the glass and alundum tubes. When the vacuum, as judged by a discharge tube, was equal to that normally obtainable in the apparatus, the pump was cut off and the liquid air removed. A slow but steady reduction of the water vapour then took place. The maximum pressure of deuterium thus obtained was a little over 30 cm. of Hg. As the effect of the temperature " sprung " in this apparatus is not very marked, it is possible to make a satisfactory determination of k without the use of a mercury lift to compress the gas still further.
The effectiveness of the reaction with magnesium was tested in quite a simple way. The above experiment was repeated using ordinary distilled water instead of heavy water and the conductivity of the hydrogen so ob tained was compared with th at obtained by diffusing cylinder hydrogen through a heated palladium tube. At corresponding pressures the conductivi ties were found to be exactly the same for both methods. It is reasonable, therefore, to assume th at both deuterium and hydrogen are obtained pure by the reaction with magnesium. Though hydrogen as an impurity might have been present in the magnesium to start with, this must have been completely removed by the preliminary degassing of the metal.
The following data were obtained for deuterium: From the above data the conductivity can be obtained by plotting against p (Kannuluik and Martin 1934) . A straight line is obtained and the cotangent of the angle between this line and the pressure axis is equal to k. This procedure leads to the value k = 30-45 x 10~5 at 3-2° C.
Assuming a temperature coefficient of equal to 0-003, we get k0 =3 0-25 x 10-5 at 0° C. This is appreciably lower than the recent value obtained by Archer: k0 = 30-8 x 10-5 at 0°C.
It is, however, preferable to compare the ratios of the thermal conductivity of hydrogen to that of deuterium. The value of the thermal conductivity of hydrogen at 0° C used in this work is 41-3 x 10~5. This is the absolute value obtained by Kannuluik and Martin. The author adopted this value first because he regards it as the most reliable existing value and second because the method used is a derivative of the absolute method. The corresponding value obtained for hydrogen by Archer (1938) is 41-82 x 10-5. The required ratios are 1-365 (author's data) and 1-358 (Archer's data). The agreement between the two values to within | % is quite satisfactory. C Figure 4 is a graph of the relation k = -5-+ C' and is obtained by JLV drawing a straight line through the two extreme points (hydrogen and a high vacuum). The check points for air and C 02 fall upon this line, but the line fixes the point for deuterium.
Concluding remarks
A comparison of the apparatus used in this investigation with the in dustrial meters of the katharometer type is not without interest. On a number of counts the former would appear to be superior. The following advantages may be claimed for i t :
(1) A simple approximate theory has been derived for it, but for the industrial meters employing thin filaments no simple theory can be given.
In the latter the use of thin filaments introduces troublesome and uncertain end corrections.
(2) By the present method relative conductivities are measured, and the method is available for determining the composition of binary mixtures of gases if desired. The industrial meters are limited to gas analysis only.
(3) The transfer of heat from the wires by convection is inappreciable in the author's apparatus but in the industrial meters it is considerable. To minimize convection the hot wires must be vertical and their mean temper ature rise kept as low as possible. This rise of 6° to 12° in the present experi ments is much less than th at which normally obtains in the industrial meters.
Preliminary experiments along the lines of those described in this paper were carried out during 1937 by the author and Miss Mary Shepherd, M.Sc. of the Kodak Research Laboratory, Melbourne. The apparatus was, however, reconstructed for the present work, metal tubes being substituted for the glass ones used in the earlier work.
I t is a pleasure for the author to acknowledge the continued interest of Professor T. H. Laby, F.R.S. in the work and to thank him for much helpful advice and criticism. The work was made possible by a research grant by the University of Melbourne.
Summary
The paper describes a " hot w ire" method of determining the thermal conductivity of any gas relative to th at of hydrogen. The use of short, thick wires enables a simple, approximate theory to be given.
The apparatus employed is of the double tube kind and consists of a pair of similar metal tubes each containing a thick nickel wire. These two wires are used as the nearly equal ratio arms of a Kelvin double bridge.
The method is applied to measure the thermal conductivity of deuterium gas. At 0° C the ratio of the conductivity of hydrogen to that of deuterium is found to be equal to 1*365.
